ABSTRACT
INTRODUCTION

41
The vast majority of bacteria often grow as elaborate multicellular communities, referred to as 
MATERIALS AND METHODS
79
Strains and growth media. Strains used and generated in this study are listed in Supplemental 80 Table 2 and are isogenic unless otherwise indicated. For routine growth all strains were 81 propagated in Lysogeny broth (LB; 10 g of tryptone, 5 g of yeast extract and 5 g of NaCl per 82 liter) or on solid LB medium supplemented with 1.5% agar. The B. subtilis wild strain 83 NCIB3610 and its derivatives were regularly cultured in LB medium. Biofilms were generated at 84 30°C in the novel biofilm promoting medium LBGM (LB +1% (v/v) glycerol + 0.1mM MnSO 4 ), 85 and were assayed similarly as described previously (21). When appropriate, antibiotics were 86 added at the following concentrations for growth of B. subtilis: 10 μg/ml of tetracycline, 100 87 μg/ml of spectinomycin, 10 μg/ml of kanamycin, 5 μg/ml of chloramphenicol, and 1 μg/ml of PCR using the primers listed in Supplementary Table S3 . In brief, the first DNA fragment 95 covering the promoter region and the N-terminal sequence of kinD was amplified by PCR using 96 primers kinD-degS-F1 and kinD-degS-MR1. A second DNA fragment covering the C-terminal 97 sequence of degS was amplified by PCR using primers kinD-degS-MF1 and kinD-degS-R1.
98
These two PCR fragments were joined together after another round of overlapping PCR sequencing. The purified plasmid DNA was transformed into naturally competent cells of PY79.
105
The constructs were then transferred to NCIB3610 by SPP1 phage transduction as described 106 previously (6, 21).
107
The insertion deletion mutant of ΔglpK (FC96) was constructed using long-flanking PCR 108 mutagenesis by Frances Chu and provided to us as a gift. Construction of the insertion deletion 109 mutant of ΔglpF (YC877) was performed similarly by applying long-flanking PCR mutagenesis 110 (22). The four primers used for generating ΔglpF deletion mutation are delta/glpF-P1, 111 delta/glpF-P2, delta/glpF-P3, and delta/glpF-P4, listed in Supplemental analysis. For pellicle formation, 9-µl of the cells was mixed with 9-ml of LBGM broth (or other 120 LB-based broth) in 6-well plates (VWR). Plates were incubated at 30°C for 48 hours. Images
121
were taken using either a Nikon CoolPix 950 digital camera or using a SPOT camera (Diagnostic
122
Instruments, USA).
123
Assays of β-galactosidase activities. The entire colonies formed on solid medium were 124 collected and resuspended in PBS buffer. Typical long bundled chains of cells in the biofilm 125 colony were disrupted using mild sonication as described previously (5). Optical density of the 126 cell samples was normalized using O.D. 600 . One milliliter of cell suspensions was collected and 127 assayed as described previously (21).
128
Sporulation assay. Biofilm colonies were formed on LB and LBGM solid media at 30ºC 
RESULTS
146
A combination of glycerol and manganese promotes multicellular development by B. (Fig. 1A) results show that addition of glucose does not impair the biofilm formation in LBGM (Fig. S1 ).
168
Biofilm formation depends on the synthesis of extracellular matrix, whose production is respectively. This result suggests that the strong biofilm-stimulating activity in response to the 179 addition of GM was indeed due to upregulation of the matrix genes. To differentiate the 9 similarly measured transcription of epsA-O (by using the above transcriptional fusion) in cells 182 from the biofilms formed on LB, LBG and LBM, respectively. Interestingly, the addition of 183 glycerol alone to LB has a quite significant effect, whereas the addition of manganese alone has 184 a less profound effect on epsA-O transcription (Fig. S2A ). This result was rather unexpected 185 since biofilm phenotype in LBM seems more significant than in LBG (Fig. 1A) .
186
The presence of GM also significantly stimulated biofilm-associated sporulation; there 187 was a more than 100-fold increase in the sporulation efficiency in a biofilm colony grown on 188 LBGM compared to that of LB (Fig. 1C ). In addition, the presence of GM also promoted 189 production of a brown pigment and secretion of the pigment around the biofilm colony ( we found that deletion in the abrB gene also suppressed the ∆kinD mutation, once again 219 suggesting that KinD is located upstream of Spo0A and AbrB in the pathway (Fig. 2) .
220
The biofilm-forming phenotype for many of the above mutants was previously 221 examined in another biofilm-inducing medium, MSgg (17, 31). In comparison to LBGM, MSgg 222 is a minimal medium in which the mutants deficient in phosphorelay (∆spo0F, ∆spo0B and 223 ∆spo0A) were also found to be severely defective in biofilm formation (9, 31). On the contrary 224 however, the mutants for each of the individual kinases, especially KinC and KinD, showed little 225 or very mild phenotypic difference from that of the wild type strain in MSgg ( Fig. S4 and (17) ).
226
Therefore, KinD (and to a lesser degree KinC) does seem to be more important in promoting robust biofilm formation in LBGM than in MSgg. Since MSgg also contains glycerol (0.5% v/v) 228 and manganese (0.1 mM), one possible explanation for the difference in the two media is that in 229 MSgg, the roles of the sensory kinases (especially KinC and KinD) in stimulating biofilm 230 formation are redundant whereas in LBGM, their roles on that are much more complementary.
231
As further evidence, the ΔkinCΔkinD double mutant is severely defective in both LBGM and 232 MSgg ( Fig. 2 and (17) ). formed robust biofilms comparable to those of the wild type cells (Fig. 4) . This result strongly
274
indicates that the biofilm-promoting activity of GM is mediated by the CACHE domain of KinD.
275
To further prove the involvement of the CACHE domain in sensing the presence of GM
276
we constructed a hybrid histidine kinase, which harbors the CACHE domain from KinD and the 277 kinase and the ATPase domains from DegS (Fig. 5A ). DegS is a sensory histidine kinase that is activates DegU phosphorylation via the hybrid kinase the flgB gene should be down-regulated.
288
The results from the real-time RT-PCR analysis showed that the addition of glycerol down-289 regulated transcription of flgB very strongly. There was about 10-fold reduction in the abundance 290 of mRNA encoding flgB in response to glycerol (Fig. 5B) . The similar experiment in the 291 ∆kinD∆degS double mutant strain background without the hybrid kinase showed no significant 292 changes in flgB expression in response to glycerol (Fig. S5) carbon source (Fig. 6B) . The result confirms that the glpK-encoded glycerol kinase and glpF-314 encoded glycerol transport facilitator are critical in utilization of glycerol as a carbon source.
315
Next we wanted to address how would products of glycerol metabolism be involved in (Fig. S6B) . Taken together, these results suggest that the biofilm-promoting effect of 327 glycerol is likely associated to its metabolism, while manganese has an independent mechanism 328 for activation of Spo0A which is not related to the glycerol metabolism.
330
The biofilm-promoting effect of GM is conserved in Bacillus species. Finally, we 331 wondered whether the biofilm-promoting effect of GM is conserved in other Bacillus species.
332
We tested this hypothesis in two related Bacillus species: Bacillus licheniformis and Bacillus (Fig. 7C) . finding, we note that the KinC also has some contribution to the biofilm phenotype in LBGM 355 medium as a ∆kinC∆kinD double mutant showed very severe -null phenotype, which was very 356 similar to that of the mutants deficient in phosphorelay (Fig. 2) .
357
The important role of KinD in biofilm formation and biofilm-associated sporulation has can transform LB medium to a robust biofilm-promoting medium -LBGM. Importantly, both 376 components (glycerol and manganese) were required for robust biofilm phenotype (Fig. 1A) , the secreted pigment in LBGM medium is biofilm specific (Fig. S3) . Although we do not know 385 the function of the secreted pigment, we presume that the pigment production is strongly subtilis. This assumption is in part supported by the observation that the ΔglpK and ΔglpF 396 mutants, which are defective in glycerol uptake or metabolism, lost a portion of their ability to 397 promote robust biofilm formation in response to the addition of GM (Fig. 6) 
